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, is produced on a nanosecond timescale only in solution in acetonitrile, which indicates that the reaction proceeds thermally from the excited state. Because no other products were observed by TR-IR, we concluded that this cationic product is an intermediate species for further reactions. The measurements of the temperature-dependent emission lifetime and analysis using transition state theory revealed that the photochemical substitution reaction proceeds from a metal-to-ligand charge transfer excited state, the structure of which allows the potential coordination of a solvent molecule. Thus, the coordinating capacity of the solvent determines whether the reaction proceeds or not. This mechanism is different from those of photochemical reactions of other types of Re(I) carbonyl complexes owing to the unique characteristics of the carbene ligand.
Introduction

Rhenium(I) tricarbonyl complexes of the formula fac-[Re(diim)(CO)3L]
n+ (diim = diimine ligand, L = monodentate ligand, n = 0 or 1) undergo CO dissociation reactions upon photoexcitation under certain conditions, followed by substitution reactions with other ligands such as coordinating solvent molecules. In some cases, isomerization might also occur prior to coordination of the solvent molecule [1] [2] [3] [4] [5] [6] [7] . Because the selectivity of photochemical reactions differs from that of thermal reactions, photochemical substitution of CO ligands is utilized for the synthesis of various photofunctional materials [8] [9] [10] . Moreover, it is well known that
fac-[Re(diim)(CO)3L]
n+ complexes are promising components for CO2 photoreduction systems 11 .
Thus, the mechanisms of these photoreactions have been intensively investigated and are categorized into the following two main groups. Type I reactions proceed via a metal-centered state ( 3 MC), which is thermally populated from a metastable triplet metal-to-ligand charge transfer state ( 3 MLCT) 2 . A typical example is dissociative substitution of CO in
fac-[Re(CO)3(bpy)(PR3)]
+ . In type II reactions, the substitution proceeds directly from higher excited states populated after ultraviolet (UV) irradiation ( <313 nm) [3] [4] [5] [6] [7] , of which a typical example is provided by fac-[Re(CO)3(bpy)Cl] [3] [4] [5] .
Recently, a new series of Re(I) tricarbonyl complexes coordinated to N-heterocyclic carbene (NHC) ligands have been synthesized [12] [13] [14] [15] [16] , and it has been shown that some of these complexes undergo photochemical substitution of one CO ligand [14] [15] [16] . Furthermore, it has also been found that some of these complexes act as CO2 reduction catalysts [17] [18] [19] . However, the fundamental photochemical processes in the reactions of these complexes differ from both type I and type II mechanisms for Re(I) diimine carbonyl complexes and have yet to be elucidated. 
TR-IR measurements
TR-IR measurements were carried out by the pump-probe method using an experimental setup described in previous papers [22] [23] [24] [25] . A Ti:sapphire regenerative amplifier (Spectra Physics Spitfire Ace) provided an output with a pulse duration of 120 fs, a central wavelength of 800 nm, and a repetition rate of 1 kHz. The output was split into two parts. A mid-IR probe pulse (bandwidth = 150 cm −1 , tunable range = 1000-3700 cm 1 mM and all measurements were carried out at room temperature. In order to eliminate quenching by the oxygen in air, Ar gas was continuously bubbled into the sample solutions during the measurements. Steady-state IR spectra under photoirradiation were recorded using an FT-IR spectrometer (Shimadzu IR Prestige-21).
Temperature-dependent emission lifetime measurements
Temperature-dependent emission lifetimes were measured using a time-correlated single-photon counting system (Horiba FluoroCube) equipped with a 371 nm pulsed LED as the excitation source (instrumental response time <1 ns). The concentration of the sample solutions was 0.05 mM. Oxygen dissolved in the sample solutions was removed by the freeze-pump-thaw method. The temperature was varied from 213 to 303 K when CH2Cl2 was the solvent and from 233 to 313 K when MeCN was the solvent.
Quantum chemical calculations
Quantum chemical calculations were performed with the Gaussian 09 package 26 . All calculations were performed using the mPW1PW91 functional, and the LanL2DZ basis set, which was extended by a polarization function, was employed for all atoms. Solvent effects were considered using the polarizable conductor calculation model. The experimental ground and excited states were regarded as the calculated lowest singlet (S0) and lowest triplet (T1) states, respectively, and their optimized geometries were calculated separately. The IR absorption intensities were estimated from these geometries with a scaling factor of 0.97. The TR-IR spectra were simulated by subtraction of the absorption spectrum of the S0 state from the absorption spectrum of the T1 state. Time-dependent density functional theory (TD-DFT)
calculations on the optimized structure of the T1 state were performed to investigate the excited states that exist near the lowest T1 state. . The major differences in the bond lengths and angles are listed in Table   S2 . Figure 5 shows the phases of the three CO stretching vibrations as estimated from the calculated normal vibrational modes. Modes 1 and 2 are assigned to asymmetric vibrations and Mode 3 is assigned to symmetric vibrations of the three CO ligands. The shift in wavenumber of each band upon the transition from the S0 to the T1 state, (T1-S0), depends on the vibrational mode and is +64, +27, and +8 cm −1 for Mode 1, 2, and 3, respectively. The differences in the magnitude of these blue shifts could be explained by the distribution of the SOMO2 28 . As was 9 mentioned above, the SOMO2 is distributed not only over the  * orbitals of the pyridine and imidazolyl rings but also over the  * orbitals of the CO ligands. Therefore, the electron densities on the CO ligands in the same plane as the pyridine and imidazolyl rings, which are indicated by CO(1) and CO(2), are higher than that on the CO ligand located trans to the Br -ligand, which is indicated by CO(3). This difference in the electron density on the CO ligands and structural changes probably lead to the dependence of the blue shift on the vibrational mode. . Because these bands are located at higher wavenumbers than those of the reactant in the GS, the electron density on the Re atom is considered to be lower in the product. Among the three products shown in Figure 1 , Products 1 and 3 have a lesser number of π-withdrawing CO ligands. Therefore, the electron density on the Figure S1 and Table S1 ). Because the peak positions in this spectrum are in good agreement with those of the remaining bands, we concluded that the temporal evolution of the TR-IR spectra under reactive conditions follows the production process of Product 2 in real time.
Results and discussion
TR-IR on the picosecond timescale
TR-IR on the nanosecond timescale under non-reactive conditions
TR-IR on the nanosecond timescale under reactive conditions
Temperature-dependent luminescence lifetime measurements
Figure 8(a) shows the temperature dependence of the phosphorescence lifetime under non-reactive (red circles) and reactive (blue circles) conditions. In both cases, the lifetimes decrease as a function of temperature, so we plotted the logarithm of the rate constant (kobs) against the inverse temperature (Arrhenius plot) in Figure 8(b) . The fact that both plots display a linear decrease with the same slope indicates that a non-radiative process occurs that originates from a thermally populated excited state. For a more quantitative analysis, we assumed the scheme shown in Figure 9 . In this scheme, the photochemical reaction proceeds through another triplet excited state named 3 X under reactive conditions, and also non-radiative decay to the GS occurs through the same
Because the intensity of the phosphorescence is proportional to [M] , the phosphorescence lifetime  and its rate constant kobs =  −1 are expressed by:
With respect to equation (5), we consider two cases: k2 << kb (case 1) and k2 >> kb (case 2).
In case 1, equation (5) can be rewritten as:
In general, the constant k1 = kr + knr does not depend on the temperature, because it is determined by the shape of the potential energy surfaces in the 3 MLCT state and the GS.
Therefore, this is not the case for our observations.
In case 2, equation (5) can be rewritten as:
Because kf is the rate constant of a thermal transition, it should be a function of the temperature.
Therefore, kobs agrees with the experimental results and we assume that case 2 applies for further analysis. In order to obtain detailed information on the transition state, we apply the transition state theory 31 to kf instead of the Arrhenius equation. As a result, equation (7) is expressed by:
where ∆ ‡ , ∆ ‡ , R, kB, h, and T are the entropy of activation, enthalpy of activation, gas constant, Boltzmann constant, Planck constant, and temperature, respectively. The absence of the constant component in Arrhenius plot indicates that the second term of equation (8) is much larger than the first term in the observed temperature region (213-313 K). In fact, fitting the data by equation (8) didn't provide any reasonable value for k1. Therefore, we assume that k1 = 0 and obtain the parameters ∆ ‡ and ∆ ‡ by least-squares fitting. The Gibbs free energy of activation at 298 K ∆ 298 ‡ is also estimated from ∆ ‡ and ∆ ‡ . 
Non-reactive conditions −58.9 ± 0.7 11.9 ± 0.2 2460 ± 20
Reactive conditions −44.8 ± 0.7 11.8 ± 0.3 2100 ± 20 Table 1 This means that the processes in both conditions proceed through similar transition states. The small difference in ∆ ‡ indicates that there are slight differences in the structures of the transition states and the packaging of the solvents. These differences probably determine whether the reaction will proceed via non-radiative decay to the GS or to the formation of Product 2.
(ii) Both values of ∆ ‡ are negative.
This means that the transition state is more ordered than the 3 MLCT state in both conditions. In a possible structure of the transition state, a solvent coordinates to or is located close to the complex. Thus, under reactive conditions, Product 2 is presumably produced by the associative mechanism. This prediction is supported by the fact that the reaction proceeds only in a solvent that has the ability to coordinate that is MeCN.
(iii) Both values of ∆ ‡ are relatively low. In order to confirm this assignment, we performed TD-DFT calculations using the optimized geometry of the T1 state. The calculated energies and some other characteristics of the triplet excited states are summarized in Table 2 , and the related frontier orbitals are shown in Figure 10 . Because all excited states that are energetically close to the T1 state are assigned to MLCT states, we concluded that the 
Reaction pathway to Product 1 and Product 3
Although the two other products, Products 1 and 3, are detected by experiments using continuum wave (CW) light 15, 16 , they are not observed by TR-IR measurements. This is probably because Product 2 is the common intermediate and Products 1 and 3 are produced by further photoreaction of Product 2. In fact, the temporal evolution of the NMR spectra under irradiation with CW light shown in Figure 6 of the report by Vaughan et al. 15 shows that there is a difference between the emergence and growth of the peaks due to Product 2 and those of Products 1 and 3. The doublet peak assigned to Product 2 (8.85 ppm) emerges at 15 min but gradually decreases after 120 min, whereas the doublet peaks assigned to Products 1 (8.78 ppm) and 3 (8.73 ppm) emerge after 30 min and continuously increase until 180 min. We confirmed this temporal evolution under irradiation with a 355 nm laser pulse using FT-IR spectroscopy, as shown in Figure 11 (a). In the same way as the NMR spectra, the band assigned to Product 2 
Comparison with other types of complexes
We here compare the proposed mechanism with those of other types of Re(I) tricarbonyl complexes. As was described in the Introduction section, two types of reaction mechanism are known, namely, type I and type II. In the case of the type I mechanism in The fact that the process proceeds thermally from a metastable state to a reactive state resembles the proposed mechanism; however, the following points are different. The height of the energy barrier to the reactive state (~4000 cm −1 ) is much greater than that in the proposed mechanism (~2000 cm −1 ) and the timescale (~1.6 s) is much longer than that of the proposed mechanism (~23 ns). These differences can be explained by the fact that the reactive intermediate state is the dissociative 3 MC state in the type I mechanism, whereas in the proposed mechanism it is the associative MLCT state.
In the case of the type II mechanism in a solution , the reaction proceeds via highly excited states obtained by photoexcitation with high-energy light at ~270 nm. Before relaxation to the bottom of the metastable state, the process proceeds directly to two high-energy reactive states. One is a seven-coordinate state including a solvent molecule, and this reaction requires hundreds of picoseconds (associative mechanism). The other is a state having MC character and a CO ligand dissociates on a timescale of tens of picoseconds (dissociative mechanism). The associative mechanism is similar to the proposed mechanism, but the energy scale is largely different from that of the proposed mechanism.
Conclusions
In order to describe a new type of photoexcited ligand substitution reaction of Re(I) carbonyl complexes having an NHC ligand, we recorded TR-IR spectra on picosecond and nanosecond timescales and the temperature dependence of the luminescence lifetime of the 13, [17] [18] [19] .
